
Gene-specific differential response to anti-apoptotic therapies in
zebrafish models of ocular coloboma

Cheryl Y. Gregory-Evans,1 Mariya Moosajee,2 Xianghong Shan,1 Kevin Gregory-Evans1

1Department of Ophthalmology and Visual Sciences, University of British Columbia, Vancouver BC, Canada; 2Department of
Clinical Neuroscience, Imperial College London, London, UK

Purpose: We recently demonstrated that molecular therapy using aminoglycosides can overcome the underlying genetic
defect in two zebrafish models of ocular coloboma and showed abnormal cell death to be a key feature associated with
the optic fissure closure defects. In further studies to identify molecular therapies for this common congenital
malformation, we now examine the effects of anti-apoptotic compounds in zebrafish models of ocular coloboma in vivo.
Methods: Two ocular coloboma zebrafish lines (pax2.1/noitu29a and lamb1/gupm189) were exposed to diferuloylmethane
(curcumin) or benzyloxycarbonyl-Val-Ala-Asp(Ome)-fluoromethylketone (zVAD-fmk; a pan-caspase inhibitor) for up
to 8 days post-fertilization. The effects of these compounds were assessed by morphology, histology, terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining and western blot analysis.
Results: The size of the coloboma in gup zebrafish mutants treated with diferuloylmethane was greatly reduced. In treated
mutants a reduction in TUNEL staining and a 67% decrease in activated caspase-3 protein were observed. The release of
cytochrome c from the mitochondria into the cytosol was reduced fourfold by in vivo diferuloylmethane treatment,
suggesting that the drug was acting to inhibit the intrinsic apoptotic pathway. Inhibition of caspases directly with zVAD-
fmk also resulted in a similar reduction in coloboma phenotype. Treatment with either diferuloylmethane or zVAD-fmk
resulted in a statistically significant 1.4 fold increase in length of survival of these mutant zebrafish (p<0.001), which
normally succumb to the lethal genetic mutation. In contrast, the coloboma phenotype in noi zebrafish mutants did not
respond to either diferuloylmethane or zVAD-fmk exposure, even though inhibition of apoptotic cell death was observed
by a reduction in TUNEL staining.
Conclusions: The differential sensitivity to anti-apoptotic agents in lamb1-deficient and pax2.1-deficient zebrafish
models, suggests that apoptotic cell death is not a final common pathway in all ocular coloboma genotypes. When
considering anti-cell death therapies for ocular colobomatous defects attention should be paid to the genotype under
investigation.

During early eye development a critical morphogenetic
event is the formation and closure of the optic fissure to allow,
for example, ingression of the hyaloid vasculature to supply
the developing retina [1]. This process requires precisely
coordinated sculpting and folding of epithelial tissue, so that
the edges of the optic fissure can align, converge and fuse. The
most common abnormality of this process, failure of this optic
fissure to close, leads to the congenital malformation known
as ocular coloboma, with an incidence of 0.5–7 per 10,000
births [2]. As an example of failure of developing tissue to
fuse, ocular coloboma can be grouped along with other
developmental anomalies such as spina bifida and cleft lip/
palate [3-5]. Potentially affecting the retina, choroid and optic
nerve as well as the iris, it has been reported in up to 11.2%
of blind children worldwide [6] making this untreatable
developmental abnormality an important area to study.
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The first step in delineating the signaling pathways that
lead to proper folding, apposition and fusion of developing
eye tissue is to identify molecular events causing optic fissure
closure defects [7-13]. Although a large number of genetic
defects have been associated with ocular coloboma [14], the
molecular and cellular mechanisms underlying this are poorly
understood. Data from several sources has however emerged
to suggest that apoptotic cell death pathways are abnormally
activated in cases of coloboma [15,16]. These data suggest
that modulation of apoptotic cell death could be a viable
strategy for inhibiting coloboma formation independent of the
underlying cause [17-19].

We had previously shown that the zebrafish model
system is particularly suited to drug testing in vivo. In two
ocular coloboma models we showed that translational bypass
of the premature stop codon mutation in each mutant using
aminoglycosides was able to rescue the colobomatous defect
and concomitantly inhibit cell death in the eye [16]. In this
study we proposed to identify other pharmaceutical
approaches to modifying molecular pathways triggered by
coloboma mutations.
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Diferuloylmethane (commonly known as curcumin) is a
natural polyphenol component found in the rhizome of the
Curcuma longa plant. Extensive studies have revealed diverse
pharmacological effects induced by diferuloylmethane
reported both in vitro and in vivo, including anti-inflammatory
[20], antioxidant [21], anti-tumor [22], and neuroprotective
(anti-cell death) actions [23-26]. zVAD-fmk is a broad
spectrum caspase inhibitor that is commonly used to
investigate cell death signaling in vitro, and several studies
have shown that it has beneficial anti-cell death effect in vivo.
For example, it delays disease onset and extends the survival
in the amyotrophic lateral sclerosis transgenic mouse model
[27], it rescues renal hypoplasia in paired box 2 (Pax2)-
deficient mice [28] and promotes cochlear hair cell survival
in the Pou4f3 mouse model of deafness [29]. In this study we
tested the ability of diferuloylmethane and
benzyloxycarbonyl-Val-Ala-Asp(Ome)-fluoromethylketone
(zVAD-fmk) to attenuate the congenital coloboma phenotype
in zebrafish models of ocular coloboma.

METHODS
Zebrafish strains and maintenance: Zebrafish strains
(wildtype AB [30], noitu29a [31] and gupm189 [32]) were
maintained and staged according to morphological criteria
using established protocols [33,34]. The noi strain has a
nonsense mutation in the pax2.1 gene with a mild coloboma
phenotype, whereas the gup strain has a nonsense mutation in
the laminin beta 1 (lamb1) gene with a severe coloboma
phenotype. Research was carried in accordance with the
principles and guidelines of The Animals (Scientific
Procedures) Act 1986, UK, the Canadian Council of Animal
Care and the ARVO statement for the use of animals in vision
research. Embryos were raised at 28.5 °C on a 14 h light/10 h
dark cycle in 100 mm2 Petri dishes containing aquaria water.
To aid image analysis, 0.2 mM phenylthiourea (PTU; Sigma-
Aldrich, Oakville, ON, Canada) was added to the embryos at
10 h post-fertilization (hpf) to inhibit pigment formation.
Anti-apoptosis treatment: All chemicals were obtained from
Sigma-Aldrich (Oakville, ON, Canada). Stock solutions of
zVAD-fmk and zFA-fmk (negative control for zVAD-fmk) in
dimethyl sulfoxide (DMSO) and diferuloylmethane in PBS
(137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, and 1.47 mM
KH2PO4, pH of 7.4) were added to aquaria water. Initial dose–
response experiments in zebrafish embryos were performed
to determine non-toxic dosages. Mutant embryos were
dechorionated at 10 hpf and treated with diferuloylmethane,
zVAD-fmk, zFA-fmk or kept in control (drug-free) aquaria
water until either 6 or 8 days post-fertilization (dpf). An
equivalent volume of DMSO was added to control cultures
where necessary. For each treatment 30 embryos were used
and three independent experiments were performed.
Quantitative data are expressed as mean±SEM. Statistical
analysis of the data by pair-wise comparisons between the
control, untreated mutants and each treatment group was

performed using the Mann–Whitney test. A p value <0.05 was
considered significant.
Retinal histology and morphological studies: Embryos were
fixed in 4% paraformaldehyde (PFA) overnight at 4 °C before
histological or terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) analysis analysis. After fixation
in 4% PFA, embryos were washed 3 times in PBS and
dehydrated through a graded ethanol series (50%, 70%, 90%,
and 3 times in 100%). Embryos were transferred into cedar
wood oil and then embedded in paraffin wax. Microtome
sections of 5 µm thickness were cut, mounted on Superfrost
Plus slides (Thermo Scientific, Ottawa, ON, Canada) and
counterstained with hematoxylin and eosin. Images were
captured with an EM-CCD camera (Hamamatsu Photonics
Ltd, Welwyn Garden City, UK) using a widefield Axiovert
microscope Carl Zeiss Inc,  New  York,    NY).   Whole-mount
morphological images were taken with a DFC300 FX camera
(Leica Microsystems Ltd., Milton Keynes, UK) mounted on
a Z16F stereomicroscope (Leica Microsystems Ltd.).
TUNEL assay: PTU-treated embryos at 6 dpf from each
treatment group were fixed in 4% PFA and embedded in wax
as described above. Retinal sections were dewaxed by
washing twice in Histoclear (National Diagnostics, Hessle,
UK), followed by 2 washes in 100% ethanol and once in 70%
ethanol, before rinsing in deionised H2O. For wholemount
TUNEL assays, embryos were dehydrated through a graded
methanol series (25%, 50%, 75%, and twice in 100%) and
stored in 100% methanol at −20 °C. After rehydration, both
sections and wholemount embryos were digested with
proteinase K (10 μg/ml) for 15 min and 1 h, respectively.
Embryos were refixed with 4% PFA for 20 min at room
temperature (RT), followed by several washed in PBS. The
ApopTag® Peroxidase In Situ Apoptosis Detection Kit
(Millipore, Bedford, MA) was used to detect levels of
apoptotic cell death, following the manufacturer’s
instructions.
Western blot analysis: Specific primary antibodies were
obtained from commercial sources and used as follows: 1:200
cleaved caspase-3 rabbit polyclonal and 1:2,000
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
mouse monoclonal (Abcam, Cambridge, MA); 1:500
cytochrome c rabbit polyclonal (Santa Cruz Biotech, Santa
Cruz, CA); 1:4,000 β-actin mouse monoclonal (Sigma-
Aldrich, Oakville, ON, Canada); 1:1,000 cox IV mouse
monoclonal (Acris Antibodies, San Diego, CA).

Briefly, 25 wildtype and mutant embryos at 6 dpf were
snap frozen in liquid nitrogen and homogenized by sonication
in lysis buffer (10 mM Tris pH 7.5, 10 mM NaCl, 1% SDS,
1× Protease Inhibitor Cocktail (Roche, Indianapolis, IN).
Insoluble material was removed by a 10 min centrifugation
(25,000× g). For subcellular fractionation, frozen embryos
were homogenized in hypotonic buffer (50 mM HEPES 7.5,
10 mM NaCl, 1 mM DTT, 1× Protease Inhibitor Cocktail) by
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sonication. Nuclei and unbroken cells were pelleted by
centrifugation at 800× g for 10 min. The supernatant was
collected and centrifuged at 100,000× g for 1 h at 4 °C using
a Beckman Optima Ultracentrifuge (Beckman Coulter,
Mississauga, ON, Canada) to obtain cytosolic fractions
(supernatant) and mitochondrial fractions (pellet). Protein
concentration was determined by the DC protein assay (Bio-
Rad, Mississauga, ON, Canada).

Equal amounts of protein (40 μg) were separated on a
12% SDS-polyacrylamide gel and transferred to Immobilon-
FL membrane (Millipore, Bedford, MA). The membrane was
incubated in 5% non-fat milk powder in PBS/0.1% Tween-20
(PBST) for 2 h at room temperature and incubated overnight
at 4 °C, simultaneously with two primary antibodies raised in
different hosts. Following 3 washes in PBST, the membrane
was incubated in the dark for 1 h with two Li-COR secondary
antibodies simultaneously (IRDye 680LT goat anti-rabbit;
IRDye 800CW goat anti-mouse; Mandel Scientific, Guelph,
ON, Canada). After the membrane was washed 3 times in
PBST in the dark, protein bands were visualized using a Li-
COR Odyssey detector. The Li-COR software and Image J
were used to quantify band intensity.

RESULTS
Therapeutic dose for diferuloylmethane and zVAD-fmk in
zebrafish: To determine the highest dose of drug that could be
tolerated, we performed survival experiments. The survival
rates of wildtype embryos dosed continuously from 10 hpf
(before optic fissure morphogenesis) with increasing
concentrations of diferuloylmethane from 1 μM to 1 mM was
measured at 6 dpf (Figure 1A), and behavioral and gross
morphological defects were noted in surviving larvae.
Embryos treated with 5 μM diferuloylmethane displayed
normal morphology and behavior with 100% survival rates at
6 dpf, and retinal sections had a normal histological
appearance at 6 dpf (Figure 1B,C). Doses of >5 μM yielded
toxic side effects including pericardial edema, bent tails,
spinal curvature, shorter body length, and abnormal
swimming behavior. Doses of ≥12.5 μM were lethal in 100%
of embryos. These results were consistent with previous
studies examining the effects of diferuloylmethane on
zebrafish development [35]. Hence, a 5 μM concentration was
chosen as the optimum therapeutic dose for in vivo testing in
zebrafish mutants. Similar dose response curves were
performed for zVAD-fmk and zFA-fmk and the optimum
dose of 300 μM for both compounds was determined to have
no toxic side effects (Figure 1D,E).

Effect of diferuloylmethane and zVAD-fmk on coloboma
mutant morphology: Mutant gup embryos were dosed with
5 μM diferuloylmethane or 300 μM zVAD-fmk at 10 hpf and
incubated up to 6 dpf. At 48 hpf, treated gup mutants displayed
a smaller optic fissure closure defect with both drugs (compare
Figure 2A,B with Figure 2C,D), but with similar systemic

features compared to untreated mutants. In contrast, the zFA-
fmk control drug at a concentration of 300 µM had no effect
of the size of the coloboma (Figure 2E). By 6 dpf, the size of
the optic fissure was greatly reduced with both drugs revealing
a persistent milder coloboma phenotype (compare Figure
3A,C with Figure 3E,G) whereas zFA-fmk had no effect on
the coloboma phenotype (Figure 3I). To determine whether
this effect of drug treatment was through a reduction of cell
death, we performed TUNEL-staining (Figure 3B,D,F,H,J).
In whole-mount analysis there was no TUNEL-positive
staining at the position of the optic fissure in treated gup
mutants compared to untreated mutants, suggesting that
diferuloylmethane and zVAD-fmk had caused a reduction in
apoptotic cell death (compare Figure 3D with Figure 3F,H).

To determine whether diferuloylmethane or zVAD-fmk
treatment would also be effective in other models of
coloboma, these drugs were tested in the noi mutant model of
coloboma from 10 hpf and incubated up to 6 dpf. When noi
mutant fish were treated with 5 µM diferuloylmethane the
amount of TUNEL-labeled cells present in wholemount fish
was greatly reduced throughout the whole fish and the eye
(compare Figure 4B with Figure 4C). Conversely however,
the size of the coloboma appeared enlarged rather than
reduced. Similarly, although 300 µM zVAD-fmk reduced
TUNEL staining in the fish, it had no discernible effect on the
coloboma defect (Figure 4D).

To further explore this beneficial reduction in coloboma
size seen with diferuloylmethane in gup zebrafish, we used
TUNEL-staining to examine cell death in whole-eye sections
at 6 dpf. Diferuloylmethane treatment again confirmed far
fewer TUNEL-positive cells throughout the eye of mutant
zebrafish compared to untreated zebrafish (Figure 5A). This
experiment however showed that although the size of optic
fissure was reduced, there was no formation of a lens with
diferuloylmethane treatment.
Effect of diferuloylmethane on caspase activity and
mitochondrial cytochrome c release in gup zebrafish: To
determine if the reduction in TUNEL-positive labeling caused
by diferuloylmethane is a caspase-dependent process, protein
extracts were obtained from 6 dpf embryos and tested for
activated caspase-3 activity by western blot. Zebrafish lysates
from gup mutant fish displayed high levels of cleaved
caspase-3 activity (maximally 100%) compared to wildtype
embryos (2.7%; Figure 5B). However, mutant embryos
treated with diferuloylmethane had a 67% reduction in the
level of cleaved caspase-3 protein. We therefore tested
whether this reduction in caspase-3 activity was associated
with inhibition of the intrinsic apoptotic pathway, by assessing
whether cytochrome c was released from the mitochondria
into the cytosol [36]. In wildtype zebrafish at 6 dpf,
cytochrome c levels were highest in the mitochondrial fraction
and were only detected at low levels in the corresponding
cytosolic fraction (Figure 6). In untreated mutants at 6 dpf,
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Figure 1. Effect of drug treatment on wildtype zebrafish. A: Wildtype embryos were dosed continuously from 10 hpf with diferuloylmethane.
Percentage survival of embryos at 6 dpf was determined for each treatment group (30 embryos/group), n=3, mean±SEM. Error bars smaller
than the symbol are not visible. B-E: Left panels, wholemount eye; center panels, coronal retinal section; right panels, wholemount larvae.
B: Wildtype phenotype untreated at 6 dpf. C: Wildtype phenotype at 6 dpf treated with 5 µM diferuloylmethane from 10 hpf. D: Wildtype
phenotype at 6 dpf following 300 µM zVAD-fmk treatment. E: Wildtype phenotype at 6 dpf following 300 µM zFA-fmk treatment. Scale
bar left panel=200 µm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium, ON,
optic nerve.
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Figure 2. Representative morphology of gup mutants at 48 hpf following drug treatment. Left panel, enlarged image of wholemount eye, scale
bar=200 μm. Right panel, whole embryo morphology, scale bar=500 μm. A: Wildtype control, complete closure of optic fissure. B: Untreated
gup mutant, displaying large open optic fissure at ventral aspect of eye. C: gup mutant treated with 5 µM diferuloylmethane, displaying open
optic fissure which is smaller in size compared to untreated mutants. D: gup mutant treated with 300 µM zVAD-fmk, displaying a smaller
open optic fissure than untreated mutants. E: gup mutant treated with 300 µM zFA-fmk, displaying a large open optic fissure as in untreated
mutants. Optic fissure closure defect delineated by black dotted line.
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cytochrome c was elevated sixfold in the cytosol, with a
corresponding reduction in the mitochondrial fraction.
However, when gup mutants were treated with
diferuloylmethane from 10 hpf to 6 dpf, the release of

cytochrome c into the cytosol was greatly reduced to just
twofold over wildtype levels.
Effect of diferuloylmethane and zVAD-fmk on survival: Since
gup mutants showed extensive TUNEL labeling throughout
the larva, which was reduced by the presence of

Figure 3. Representative images of drug treatment in gup mutants at 6 dpf. A, C, E, G, I: Enlarged wholemount of the eye, scale=200 µm,
and wholemount larvae, scale=500 µm. B, D, F, H, J: corresponding TUNEL stained wholemount of PTU-treated eye and larvae. A, B:
Wildtype zebrafish showing normal morphology and minimal apoptosis in the eye and wholemount. C, D: Untreated gup mutants displaying
large coloboma in ventral aspect of the eye, TUNEL-positive labeled tissue at the site of the unfused optic fissure and throughout the whole
fish. E, F: gup mutants treated with 5 µM diferuloylmethane (+D) showing small colobomatous defect, minimal TUNEL-positive staining in
the eye, and reduced levels in the whole larvae compared to untreated mutants. G, H: gup mutants treated with 300 µM zVAD-fmk (+V)
showing small colobomatous defect, minimal TUNEL-positive staining in the eye, and reduced levels in the whole larvae compared to untreated
mutants. I, J: gup mutants treated with 300 µM zFA-fmk (+F) showing large colobomatous defect and TUNEL-positive staining at the site
of the unfused fissure.
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diferuloylmethane, we speculated whether the mutant larva
would survive past its  usual  life-span of   only  5 days  (the
lamb1 mutation is embryonic lethal). Mutant embryo survival
was therefore tested in the presence of either:
diferuloylmethane, zVAD-fmk or zFA-fmk. The presence of
diferuloylmethane from 10 dpf increased the embryo life-span

from 5.0±1.0 days to 7.1±1.4 days in treated embryos (Figure
7A), representing a statistically significant (p<0.001)1.4 fold
increase in survival. Similarly, zVAD-fmk also increased
embryo survival from 5.0±1.0 days to 7.0±1.5 days (p<0.001).
No effect on embryo survival was observed with zFA-fmk.
Furthermore, the size of the coloboma was even smaller in

Figure 4. Representative images of the effect of diferuloylmethane on TUNEL-labeling in noi mutant larvae at 6 dpf. A: TUNEL-labeling in
wholemount larvae (left) and wholemount eye (right) of wildtype zebrafish (wt). B: Extensive TUNEL labeling in larvae and eye of untreated
noi mutant zebrafish. C: noi mutant larvae treated with 5 µM diferuloylmethane. D: noi larvae treated with 300 µM zVAD-fmk. Arrow points
to optic fissure closure defect delineated by black dotted line. Scale bar whole eye=200 µm; scale bar larval fish=500 µm.
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mutants treated with curcumin or zVAD-fmk at 8 dpf (Figure
7C,D) compared to 6dpf (Figure 3E,G).

DISCUSSION
This study demonstrates that an anti-cell death strategy (using
diferuloylmethane or zVAD-fmk) not only substantially
ameliorates the ocular coloboma phenotype in the gup
(lamb1) zebrafish but also increase embryo survival rate. Our
results also suggest that this reduction in disease severity in
the gup model occurs through inhibition of the intrinsic
(mitochondrial) apoptotic pathway via a caspase-3 dependent
mechanism. Persistence of an albeit smaller colobomatous

defect, and absence of the lens with diferuloylmethane
however suggests that this benefit is partial. Contrastingly, in
a second coloboma model where pax2.1 is deficient (noi line),
apoptotic cell death in the eye was again reduced by
diferuloylmethane and zVAD-fmk, but we could detect no
improvement in phenotype, suggesting that caspase-
dependent cell death is not critical in the pathogenesis of
ocular disease in noi zebrafish.

Of the many different mechanisms at play during normal
neurodevelopment, cell death, specifically apoptotic cell
death has emerged as an important, late event [37]. During eye

Figure 5. Effect of diferuloylmethane on
cell death in gup mutant larvae. A:
Comparison of TUNEL-positive cells in
coronal cryosections of the eye from
mutant gup embryos (left), mutant gup
embryos treated with 5 µM
diferuloylmethane (center) and
wildtype embryos (right) at 6 dpf.
Histological sections counterstained
with methyl green. B: Representative
western blot of lysates from untreated
mutant larvae (gup), mutant larvae
treated with 5 µM diferuloylmethane
(gup+D) and wildtype larvae (wt).
Upper lanes, correspond to cleaved
caspase-3; lower lanes, corresponding
gapdh loading controls.

Figure 6. Representative western blots
showing cytochrome c levels in gup
mutants treated with diferuloylmethane.
Cytochrome c (cyto c) levels were
determined in embryos treated for 6
days. Mitochondrial and cytosolic
fractions were normalized with cox IV
or β-actin, respectively. Quantitation of
western blot of cytochrome c
localization in larvae is shown directly
beneath western blots. Wildtype levels
in each fraction are set to 1.0. Wt,
wildtype; gup, untreated mutant larvae,
gup+D, mutant plus diferuloylmethane.
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Figure 7. Effect of caspase inhibition on survival and optic fissure closure. A: Mean survival of gup mutant embryos with no treatment or
with either diferuloylmethane, zVAD-fmk or control inhibitor zFA-fmk. n=30 for each group, mean±SEM (*p<0.001). B: Wildtype (wt)
larval phenotype at 8 dpf. C: Phenotype of gup mutants treated with 5 µM diferuloylmethane. D: Phenotype of gup mutant embryos treated
with 300 µM zVAD-fmk. E: Phenotype of gup mutants treated with 300 μM zFA-fmk. Arrows indicate the position of the coloboma. Size
bar in left panels=200 μm; size bar in right panels=500 μm.
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development, we have shown that abnormal apoptotic cell
death can be triggered during pathological states [16].
Although the in vivo effects of diferuloylmethane are thought
to be diverse [20-22], our TUNEL and western blot studies
suggest that, in the gup zebrafish, diferuloylmethane’s effects
are due to an inhibition of cell death through an attenuation of
the intrinsic, mitochondrial apoptotic pathway. This is in
keeping with other studies, both in vitro [23,25] and in vivo
[24,26,38]. Our data therefore supports the conclusion that
mitochondrial cytochrome c release, caspase activation and
apoptotic cell death are critical elements of ocular coloboma
pathogenesis in the gup zebrafish and this can be inhibited by
diferuloylmethane treatment. Previous safety and
bioavailability studies [39-41] suggest that diferuloylmethane
is a viable option for further pre-clinical studies in mammalian
model systems. However, since ocular coloboma is a
congenital anomaly, in utero safety and bioavailability studies
would be needed before undertaking clinical trials of
diferuloylmethane or one of its more efficacious analogs.

Contrastingly, our studies in the noi zebrafish suggest that
such a strategy may not be universally applicable in all cases
of ocular coloboma. Although results suggest that apoptotic
cell death is triggered and can be inhibited in the noi zebrafish,
this does not prevent the evolution of a colobomatous eye. A
comparable situation is seen in some retinal dystrophy
mutants where photoreceptor cell death is a common if not
universal feature [17,19]. Not all mutants however respond to
inhibitors of apoptotic cell death [42-44]. This leads us to
speculate that other cell death mechanisms may be at play in
the noi coloboma model.

Uncharacterized mechanisms other than cell death may
have more critical influences on coloboma pathogenesis in
this noi zebrafish. It is however possible that other cell death
mechanisms in addition to caspase-dependent cell death, are
at play and are more important in the pathogenesis of this
model. Inhibitors of calpain [45] and poly (ADP-ribose)
polymerase (PARP) [46], key elements in caspase-
independent cell death, have for example been shown to be
effective in some retinal degeneration models. In addition, it
has been shown that in the absence of caspase-dependent cell
death, autophagy cell survival mechanisms can be activated
to stimulate cell death [47,48]. Autophagic cell death has been
shown to be important in normal embryologic development
[49] and play a role in neural tube defects, an epithelial fusion
defect similar to ocular coloboma [50]. Inhibitors of
autophagy have thus been effective in neuronal cell survival
[51] and hepatic fibrosis [52]. Necroptosis, regulated necrosis
without inflammation, has also recently been highlighted as
an alternative cell death pathway [53,54]. A role for
necroptosis has been established in eye disease [55] and
neurodegeneration [56], but a convincing role in
developmental disease has yet to be shown [57]. The
relevance of these alternate cell death pathways to the
pathogenesis of ocular coloboma awaits further study,

however it is likely that cross-talk between many different cell
death pathways [58] determines final cell termination events.

In conclusion, this study highlights caspase-3 dependent
cell death as a critical contributor in some, but not all inherited
forms of optic fissure closure defects. As more becomes
known about the different cell death pathways and the
associated genotype-phenotype correlations, then more
specific therapies for different cell death mechanisms can be
formulated.

ACKNOWLEDGMENTS
This work was supported by St. Mary’s Hospital Development
Trust (Grant ref PVB/MRW 2005 and L44 2007) and the
Canadian Institutes of Health Research (VIH-105440). The
authors thank Dr Martin Spitaler at the Imperial College
Imaging Facility (FILM) for his valuable expertise, and Miss
Lorraine Lawrence, Senior Technician and Histologist,
Department of Leukocyte Biology, Imperial College London.

REFERENCES
1. Snell R, Lemp MA. Clinical anatomy of the eye. 2nd ed.

London: Blackwell Science; 1998.
2. Hornby SJ, Adolph S, Gilbert CE, Dandona L, Foster A. Visual

acuity in children with coloboma: clinical features and a new
phenotypic classification system. Ophthalmology 2000;
107:511-20. [PMID: 10711890]

3. Yu H, Smallwood PM, Wang Y, Vidaltamayo R, Reed R,
Nathans J. Frizzled 1 and frizzled 2 genes function in palate,
ventricular septum and neural tube closure: general
implications for tissue fusion processes. Development 2010;
137:3707-17. [PMID: 20940229]

4. Martin P, Wood W. Epithelial fusions in the embryo. Curr Opin
Cell Biol 2002; 14:569-74. [PMID: 12231351]

5. Kim TH, Goodman J, Anderson KV, Niswander L. Phactr4
regulates neural tube and optic fissure closure by controlling
PP1-, Rb-, and E2F1-regulated cell-cycle progression. Dev
Cell 2007; 13:87-102. [PMID: 17609112]

6. Fujiki K, Nakajima A, Yasuda N, Tanabe U, Kabaswa K.
Genetic analysis of microphthalmos. Ophthalmic Paediatr
Genet 1982; 1:139-49.

7. Eccles MR, Schimmenti LA. Renal-coloboma syndrome: a
multi-system developmental disorder caused by PAX2
mutations. Clin Genet 1999; 56:1-9. [PMID: 10466411]

8. Azuma N, Yamaguchi Y, Handa H, Hayakawa M, Kanai A,
Yamada M. Missense mutation in the alternative splice region
of the PAX6 gene in eye anomalies. Am J Hum Genet 1999;
65:656-63. [PMID: 10441571]

9. Schimmenti LA, de la Cruz J, Lewis RA, Karkera JD, Manligas
GS, Roessler E, Muenke M. Novel mutation in sonic
hedgehog in non-syndromic colobomatous microphthalmia.
Am J Med Genet A 2003; 116A:215-21. [PMID: 12503095]

10. Jamieson RV, Perveen R, Kerr B, Carette M, Yardley J, Heon
E, Wirth MG, van Heyningen V, Donnai D, Munier F, Black
GC. Domain disruption and mutation of the bZIP
transcription factor, MAF, associated with cataract, ocular
anterior segment dysgenesis and coloboma. Hum Mol Genet
2002; 11:33-42. [PMID: 11772997]

Molecular Vision 2011; 17:1473-1484 <http://www.molvis.org/molvis/v17/a166> © 2011 Molecular Vision

1482

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10711890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20940229
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12231351
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17609112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10466411
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10441571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12503095
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11772997
http://www.molvis.org/molvis/v17/a166


11. Vissers LE, van Ravenswaaij CM, Admiraal R, Hurst JA, de
Vries BB, Janssen IM, van der Vliet WA, Huys EH, de Jong
PJ, Hamel BC, Schoenmakers EF, Brunner HG, Veltman JA,
van Kessel AG. Mutations in a new member of the
chromodomain gene family cause CHARGE syndrome. Nat
Genet 2004; 36:955-7. [PMID: 15300250]

12. Gregory-Evans CY, Vieira H, Dalton R, Adams GG, Salt A,
Gregory-Evans K. Ocular coloboma and high myopia with
Hirschsprung disease associated with a novel ZFHX1B
missense mutation and trisomy 21. Am J Med Genet A 2004;
131:86-90. [PMID: 15384097]

13. Asai-Coakwell M, French CR, Berry KM, Ye M, Koss R,
Somerville M, Mueller R, van Heyningen V, Waskiewicz AJ,
Lehmann OJ. GDF6, a novel locus for a spectrum of ocular
developmental anomalies. Am J Hum Genet 2007;
80:306-15. [PMID: 17236135]

14. Gregory-Evans CY, Williams MJ, Halford S, Gregory-Evans
K. Ocular coloboma: a reassessment in the age of molecular
neuroscience. J Med Genet 2004; 41:881-91. [PMID:
15591273]

15. Ozeki H, Ogura Y, Hirabayashi Y, Shimada S. Apoptosis is
associated with formation and persistence of the embryonic
fissure. Curr Eye Res 2000; 20:367-72. [PMID: 10855031]

16. Moosajee M, Gregory-Evans K, Ellis CD, Seabra MC, Gregory-
Evans CY. Translational bypass of nonsense mutations in
zebrafish rep1, pax2.1 and lamb1 highlights a viable
therapeutic option for untreatable genetic eye disease. Hum
Mol Genet 2008; 17:3987-4000. [PMID: 18809619]

17. Chang GQ, Hao Y, Wong F. Apoptosis: final common pathway
of photoreceptor death in rd, rds, and rhodopsin mutant mice.
Neuron 1993; 11:595-605. [PMID: 8398150]

18. Nucci C, Piccirilli S, Nisticò R, Morrone LA, Cerulli L, Bagetta
G. Apoptosis in the mechanisms of neuronal plasticity in the
developing visual system. Eur J Ophthalmol 2003;
13:S36-43. [PMID: 12749676]

19. Sancho-Pelluz J, Arango-Gonzalez B, Kustermann S, Romero
FJ, van Veen T, Zrenner E, Ekström P, Paquet-Durand F.
Photoreceptor cell death mechanisms in inherited retinal
degeneration. Mol Neurobiol 2008; 38:253-69. [PMID:
18982459]

20. Sandur SK, Ichikawa H, Pandey MK, Kunnumakkara AB, Sung
B, Sethi G, Aggarwal BB. Role of pro-oxidants and
antioxidants in the anti-inflammatory and apoptotic effects of
curcumin (diferuloylmethane). Free Radic Biol Med 2007;
43:568-80. [PMID: 17640567]

21. Pinlaor S, Yongvanit P, Prakobwong S, Kaewsamut B,
Khoontawad J, Pinlaor P, Hiraku Y. Curcumin reduces
oxidative and nitrative DNA damage through balancing of
oxidant–antioxidant status in hamsters infected with
Opisthorchis viverrini. Mol Nutr Food Res 2009;
53:1316-28. [PMID: 19753608]

22. Chen HW, Lee JY, Huang JY, Wang CC, Chen WJ, Su SF,
Huang CW, Ho CC, Chen JJ, Tsai MF, Yu SL, Yang PC.
Curcumin inhibits lung cancer cell invasion and metastasis
through the tumor suppressor HLJ1. Cancer Res 2008;
68:7428-38. [PMID: 18794131]

23. Liu Z, Yu Y, Li X, Ross CA, Smith WW. Curcumin protects
against A53T alpha-synuclein-induced toxicity in a PC12
inducible cell model for Parkinsonism. Pharmacol Res 2011;
63:439-44. [PMID: 21237271]

24. Shin HJ, Lee JY, Son E, Lee DH, Kim HJ, Kang SS, Cho GJ,
Choi WS, Roh GS. Curcumin attenuates the kainic acid-
induced hippocampal cell death in the mice. Neurosci Lett
2007; 416:49-54. [PMID: 17300872]

25. Chan WH, Wu HJ. Anti-apoptotic effects of curcumin on
photosensitized human epidermal carcinoma A431 cells. J
Cell Biochem 2004; 92:200-12. [PMID: 15095415]

26. Zhao J, Yu S, Zheng W, Feng G, Luo G, Wang L, Zhao Y.
Curcumin improves outcomes and attenuates focal cerebral
ischemic injury via anti-apoptotic mechanisms in rats.
Neurochem Res 2010; 35:374-9. [PMID: 19774461]

27. Li M, Ona VO, Guégan C, Chen M, Jackson-Lewis V, Andrews
LJ, Olszewski AJ, Stieg PE, Lee JP, Przedborski S,
Friedlander RM. Functional role of caspase-1 and caspase-3
in an ALS transgenic mouse model. Science 2000;
288:335-9. [PMID: 10764647]

28. Clark P, Dziarmaga A, Eccles M, Goodyear P. Rescue of
defective branching nephrogenesis in renal-coloboma
syndrome by the caspase inhibitor, Z-VAD-fmk. J Am Soc
Nephrol 2004; 15:299-305. [PMID: 14747376]

29. Atar O, Avraham KB. Anti-apoptotic factor z-Val-Ala-Asp-
fluoromethylketone promotes survival of cochlear hair cells
in a mouse model for human deafness. Neuroscience 2010;
168:851-7. [PMID: 20394804]

30. Johnson SL, Midson CN, Ballinger EW, Postlethwait JH.
Identification of RAPD primers that reveal extensive
polymorphisms between laboratory strains of zebrafish.
Genomics 1994; 19:152-6. [PMID: 8188217]

31. Brand M, Heisenberg CP, Jiang YJ, Beuchle D, Lun K,
Furutani-Seiki M, Granato M, Haffter P, Hammerschmidt M,
Kane DA, Kelsh RN, Mullins MC, Odenthal J, van Eeden FJ,
Nüsslein-Volhard C. Mutations in zebrafish genes affecting
the formation of the boundary between midbrain and
hindbrain. Development 1996; 123:179-90. [PMID:
9007239]

32. Stemple DL, Solnica-Krezel L, Zwartkruis F, Neuhauss SC,
Schier AF, Malicki J, Stainier DY, Abdelilah S, Rangini Z,
Mountcastle-Shah E, Driever W. Mutations affecting
development of the notochord in zebrafish. Development
1996; 123:117-28. [PMID: 9007234]

33. Westerfield M. The Zebrafish Book; a guide for the laboratory
use of zebrafish (Danio rerio). 4th ed. Oregon: University of
Oregon Press; 2000.

34. Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling
TF. Stages of embryonic development of the zebrafish. Dev
Dyn 1995; 203:253-310. [PMID: 8589427]

35. Wu JY, Lin CY, Lin TW, Ken CF, Wen YD. Curcumin affects
development of zebrafish embryo. Biol Pharm Bull 2007;
30:1336-9. [PMID: 17603177]

36. Lim ML, Chen B, Beart PM, Nagley P. Relative timing of
redistribution of cytochrome c and Smac/DIABLO from
mitochondria during apoptosis assessed by double
immunocytochemistry on mammalian cells. Exp Cell Res
2006; 312:1174-84. [PMID: 16628837]

37. De Zio D, Giunta L, Corvaro M, Ferraro E, Cecconi F.
Expanding roles of programmed cell death in mammalian
neurodevelopment. Semin Cell Dev Biol 2005; 16:281-94.
[PMID: 15797838]

38. Chan WH, Wu HJ, Hsuuw YD. Curcumin inhibits ROS
formation and apoptosis in methylglyoxal-treated human

Molecular Vision 2011; 17:1473-1484 <http://www.molvis.org/molvis/v17/a166> © 2011 Molecular Vision

1483

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15300250
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15384097
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17236135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15591273
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15591273
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10855031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18809619
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8398150
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12749676
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18982459
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18982459
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17640567
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19753608
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18794131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21237271
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17300872
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15095415
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19774461
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10764647
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14747376
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20394804
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8188217
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9007239
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9007239
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9007234
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8589427
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17603177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16628837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15797838
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15797838
http://www.molvis.org/molvis/v17/a166


hepatoma G2 cells. Ann N Y Acad Sci 2005; 1042:372-8.
[PMID: 15965083]

39. Sharma RA, Euden SA, Platton SL, Cooke DN, Shafayat A,
Hewitt HR, Marczylo TH, Morgan B, Hemingway D,
Plummer SM, Pirmohamed M, Gescher AJ, Steward WP.
Phase I clinical trial for oral curcumin: biomarkers of systemic
activity and compliance. Clin Cancer Res 2004;
10:6847-54. [PMID: 15501961]

40. Lim GP, Chu T, Yang F, Beech W, Frautschy SA, Cole GM.
The curry spice curcumin reduces oxidative damage and
amyloid pathology in an Alzheimer transgenic mouse. J
Neurosci 2001; 21:8370-7. [PMID: 11606625]

41. Hsu CH, Cheng AL. Clinical studies with curcumin. Adv Exp
Med Biol 2007; 595:471-80. [PMID: 17569225]

42. Yoshizawa K, Kiuchi K, Nambu H, Yang J, Senzaki H,
Kiyozuka Y, Shikata N, Tsubura A. Caspase-3 inhibitor
transiently delays inherited retinal degeneration in C3H mice
carrying the rd gene. Graefes Arch Clin Exp Ophthalmol
2002; 240:214-9. [PMID: 11935279]

43. Joseph RM, Li T. Overexpression of Bcl-2 or Bcl-XL
transgenes and photoreceptor degeneration. Invest
Ophthalmol Vis Sci 1996; 37:2434-46. [PMID: 8933760]

44. Lohr HR, Kuntchithapautham K, Sharma AK, Rohrer B.
Multiple, parallel cellular suicide mechanisms participate in
photoreceptor cell death. Exp Eye Res 2006; 83:380-9.
[PMID: 16626700]

45. Paquet-Durand F, Sanges D, McCall J, Silva J, van Veen T,
Marigo V, Ekström P. Photoreceptor rescue and toxicity
induced by different calpain inhibitors. J Neurochem 2010;
115:930-40. [PMID: 20807308]

46. Paquet-Durand F, Silva J, Talukdar T, Johnson LE, Azadi S,
van Veen T, Ueffing M, Hauck SM, Ekström PA. Excessive
activation of poly(ADP-ribose) polymerase contributes to
inherited photoreceptor degeneration in the retinal
degeneration 1 mouse. J Neurosci 2007; 27:10311-9. [PMID:
17881537]

47. Yu L, Alva A, Su H, Dutt P, Freundt E, Welsh S, Baehrecke
EH, Lenardo MJ. Regulation of an ATG7-beclin 1 program
of autophagic cell death by caspase-8. Science 2004;
304:1500-2. [PMID: 15131264]

48. Winslow AR, Rubinsztein DC. Autophagy in
neurodegeneration and development. Biochim Biophys Acta
2008; 1782:723-9. [PMID: 18644437]

49. Di Bartolomeo S, Nazio F, Cecconi F. The role of autophagy
during development in higher eukaryotes. Traffic 2010;
11:1280-9. [PMID: 20633243]

50. Cecconi F, Piacentini M, Fimia GM. The involvement of cell
death and survival in neural tube defects: a distinct role for
apoptosis and autophagy? Cell Death Differ 2008;
15:1170-7. [PMID: 18451869]

51. Higgins GC, Devenish RJ, Beart PM, Nagley P. Autophagic
activity in cortical neurons under acute oxidative stress
directly contributes to cell death. Cell Mol Life Sci. 2011
[PMID: 21437645]

52. Hidvegi T, Ewing M, Hale P, Dippold C, Beckett C, Kemp C,
Maurice N, Mukherjee A, Goldbach C, Watkins S,
Michalopoulos G, Perlmutter DH. An autophagy-enhancing
drug promotes degradation of mutant alpha1-antitrypsin Z
and reduces hepatic fibrosis. Science 2010; 329:229-32.
[PMID: 20522742]

53. Christofferson DE, Yuan J. Necroptosis as an alternative form
of programmed cell death. Curr Opin Cell Biol 2010;
22:263-8. [PMID: 20045303]

54. Vandenabeele P, Galluzzi L, Vanden Berghe T, Kroemer G.
Molecular mechanisms of necroptosis: an ordered cellular
explosion. Nat Rev Mol Cell Biol 2010; 11:700-14. [PMID:
20823910]

55. Rosenbaum DM, Degterev A, David J, Rosenbaum PS, Roth S,
Grotta JC, Cuny GD, Yuan J, Savitz SI. Necroptosis, a novel
form of caspase-independent cell death, contributes to
neuronal damage in a retinal ischemia-reperfusion injury
model. J Neurosci Res 2010; 88:1569-76. [PMID: 20025059]

56. You Z, Savitz SI, Yang J, Degterev A, Yuan J, Cuny GD,
Moskowitz MA, Whalen MJ. Necrostatin-1 reduces
histopathology and improves functional outcome after
controlled cortical impact in mice. J Cereb Blood Flow Metab
2008; 28:1564-73. [PMID: 18493258]

57. Yuan J, Kroemer G. Alternative cell death mechanisms in
development and beyond. Genes Dev 2010; 24:2592-602.
[PMID: 21123646]

58. Maiuri MC, Zalckvar E, Kimchi A, Kroemer G. Self-eating and
self-killing: crosstalk between autophagy and apoptosis. Nat
Rev Mol Cell Biol 2007; 8:741-52. [PMID: 17717517]

Molecular Vision 2011; 17:1473-1484 <http://www.molvis.org/molvis/v17/a166> © 2011 Molecular Vision

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 1 June 2011. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.

1484

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15965083
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15965083
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15501961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11606625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17569225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11935279
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8933760
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16626700
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16626700
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20807308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17881537
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17881537
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15131264
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18644437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20633243
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18451869
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21437645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21437645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20522742
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20522742
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20045303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20823910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20823910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20025059
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18493258
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21123646
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21123646
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17717517
http://www.molvis.org/molvis/v17/a166

